Herpes simplex virus DNA polymerase (HSV pol) holoenzyme consists of a large catalytic (UL30 gene product) and a small auxiliary subunit (UL42 gene product). The DNA binding of HSV pol, its cofactor, and the assembled holoenzyme complex was studied by bandshift analysis using purified proteins expressed via recombinant baculovirus. The functional activity of the recombinant UL42, purified by phenyl-Sepharose chromatography, was confirmed by its ability (1) to convert the salt sensitivity of both, 3Ј-5Ј exonuclease and polymerase, activities of HSV pol and (2) to enhance the processivity of polymerization. Bandshift analyses revealed that the HSV pol holoenzyme-DNA complex was stably formed up to a salt concentration of 50 mM ammonium sulfate, indicating that the restricted DNA and protein interactions of both HSV pol and UL42 are responsible for the observed salt preference of the HSV pol holoenzyme under standard assay conditions in vitro. Studies of the assembly of the holoenzyme complex demonstrated that initial DNA binding of HSV pol was advantageous for the formation of the HSV pol holoenzyme-DNA complex.
INTRODUCTION
Herpes simplex virus (HSV) DNA replication depends on several viral gene functions. The product of the UL42 gene (UL42) is one of seven proteins, required to replicate plasmids containing an HSV origin of replication (Wu et al., 1988) , and is essential for viral DNA replication in vivo (Marchetti et al., 1988; Schaffer et al., 1973) . Initially, UL42 was characterized as a phosphorylated 65-kDa double-stranded (ds)DNA binding protein being associated with purified HSV pol from serotype 1-and 2-infected cells (Gallo et al., 1988 (Gallo et al., , 1989 Marsden et al., 1987; Powell and Purifoy, 1977; Vaughan et al., 1985) . From the open reading frame of the UL42 gene of HSV-1 strain 17, only a molecular weight of 51, 156 can be predicted . More recently, UL42 was identified as the small subunit of HSV pol. The heterodimeric HSV pol-UL42 complex is very tight and can be reconstituted in vitro using proteins individually purified from recombinant yeast cells or baculovirus-infected cells (Digard et al., 1993b; Gallo et al., 1989; Gottlieb et al., 1990; Gottlieb and Challberg, 1994; Hamatake et al., 1993; Hernandez and Lehman, 1990; Tenney et al., 1993a Tenney et al., , 1993b . HSV pol is stimulated by UL42 (Gottlieb et al., 1990) , which increases the processivity of polymerization (Gottlieb et al., 1990; Hernandez and Lehman, 1990) . The stimulatory effect of UL42 on HSV pol activity is maximal under conditions of high salt at which requirements for DNA binding are more stringent (Hart and Boehme, 1992) . Because the interaction between HSV pol and UL42 is essential for viral DNA replication (Digard et al., 1993a (Digard et al., , 1993b Stow, 1993) , it represents a promising target for antiviral therapy. Progress has been made in the identification of the potential interacting sites between the two proteins. The UL42 binding site on the polymerase has been confined to the C-terminal 27-40 amino acid residues (Digard et al., 1993a; Stow, 1993; Tenney et al., 1993a) . In previous studies, it was demonstrated that the 338 N-terminal residues of UL42 are sufficient for all functional activities associated with this protein, such as dsDNA binding, polymerase binding, and enhancement of HSV pol processivity, in vitro as well as in vivo (Digard et al., 1993b; Gao et al., 1993; Tenney et al., 1993a) . From the results of gel shift assays and footprinting analyses, it was suggested that UL42 acts as a sliding clamp or tether, increasing the affinity of HSV pol for the 3Ј end of the priming DNA strand (Gottlieb et al., 1990; Gottlieb and Challberg, 1994) .
In this investigation, we further defined the requirements of UL42 in DNA binding and in HSV pol interaction by using a bandshift assay that has been successfully applied for the DNA binding analysis of DNA polymerases (Knopf and Strick, 1994; Strick and Knopf, 1992) . The DNA binding properties of the small and large subunits of HSV pol as well as the assembly of the HSV pol holoenzyme-DNA complex were studied (1) in the presence of increasing amounts of UL42 and (2) under varying preincubation conditions.
RESULTS

Cloning of the UL42 gene
Starting material for the cloning of the UL42 gene was the 2.88-kbp BstEII fragment of HSV-1 strain ANG, which was inserted into the SmaI site of pBluescript II SK(ϩ) (Fig. 1) . The structural integrity of the UL42 gene in the latter subclone, dubbed pSKII42ANG, was ascertained by DNA sequence analysis as well as in vitro translation (Franz, 1995) . After these initial control experiments, fragments of the recombinant vector pSKII42ANG and expression vector pEX34 were used for generating fusion proteins as depicted in Fig. 1 . In addition, the 2.88-kbp BstEII fragment was inserted at the SmaI site of the baculoviral transfer vector pVL1393, and the resulting recombinant vector was designated pVL42ANG.
Preparation and characterization of antisera for UL42
For expression monitoring, two polyclonal rabbit antibodies directed against fusion proteins containing amino acid residues 35-282 or 281-488 of UL42 were generated. Fusion proteins were purified from pEX42N and pEX42C (Fig. 1) transformed and temperatureinduced Escherichia coli C600 537 cells as described under Materials and Methods. The N-terminus-directed (EX42N) and the C-terminus-directed (EX42C) antisera exhibited an antibody titer of 4 ϫ 10 4 and 8 ϫ 10 4 , respectively. In agreement with a recent computer analysis that predicted for UL42 a strong hydrophobic and surface-exposed C-terminal region, including the final 148 residues (Digard et al., 1993b) , antibody EX42C was found to react comparably stronger in Western blotting, immunoprecipitation, and immunofluorescence microscopy (Franz, 1995) . Both antibodies predominantly stained UL42 in Western blots containing HSV-1 ANG-infected cell lysates. Because of an ample cross-reaction with proteins of African green monkey kidney cells, both antibodies were less suited for immunoprecipitation analysis. Results of the immunofluorescence analysis showed that EX42C was the better antibody for indirect immunostaining by which UL42 was detected as early as 2 h after infection to be localized in the nucleus but not in the nucleolar compartments.
Expression of UL42 in insect cells by recombinant baculovirus
The UL42 gene was transferred into the polyhedrin gene of the baculovirus genome using the BaculoGold transfection kit and recombinant vector pVL42ANG (Fig.  1) . From several successfully established clones, one clone, designated Ac42ANG, was characterized by ex- The enlarged section depicts the DNA fragments with the UL42 coding sequences hatched and the relevant restriction sites used for subcloning. Cloning sites of the expression vectors, listed to the right, differing from that of the fragments are written below the termini of the fragments. The designation of the resulting vector constructs is given to the left. Numbers stated above the individual restriction sites refer to the map positions of the strain 17 genome . pression kinetic and Western blot analyses. Results of the immunostaining with antibody EX42C, depicted in Fig. 2B , showed that a 65-kDa protein, corresponding in size to UL42, is synthesized and accumulated in Ac42ANG-infected Sf9 cells up to 72 h after infection. At later times of infection, intensive proteolytic degradation of UL42 takes place as shown by the simultaneous fading of the 65-kDa band and appearance of two novel stained bands of 30 and 35 kDa.
Purification of recombinant UL42
To avoid the premature degradation, the recombinant UL42 was purified from 2 ϫ 10 8 Sf9 cells 52 h after infection with Ac42ANG at an m.o.i. of 10 PFU/cell following the protocol outlined under Materials and Methods. The purification procedure had to meet the following criteria: it should be simple and yield a sufficiently clean UL42 preparation that was free of DNA contaminants. In contrast to existing purification schemes (Gallo et al., 1988; Gottlieb et al., 1990; Hamatake et al., 1993) in which at least three different column chromatographies were applied, we used, after high salt extraction and differential centrifugation, a DEAE-cellulose fractionation to remove DNA and two consecutive phenyl-Sepharose chromatographies. UL42, traced by Western blot analysis using antibody EX42C, was eluted between 60 and 160 mM NaCl from the first phenyl-Sepharose column and between 30 and 70 mM NaCl from the second phenylSepharose column. A comparison of the SDS-PAGE and Western blot analysis of representative fractions from different steps of the purification procedure (Figs. 3A and 3B) showed that the single 65-kDa polypeptide detected by silver staining in fractions 58-72 of the second phenylSepharose column correlated in size with the major immunostained band. Another but less immunostained 45-kDa band (Fig. 3B) , present in the final protein preparation, can be explained as a proteolytic cleavage product of UL42 arisen during purification. From this result, we concluded that the 65-kDa polypeptide represented UL42, which was purified to ϳ95% homogeneity after the second phenyl-Sepharose chromatography. A yield of ϳ0.4 mg UL42/2 ϫ 10 8 cells was determined from the concentrated peak fractions.
Functional analysis
To assess the UL42 function, we examined the effect of the cofactor on the processivity and on the enzymatic activities of HSV pol. Primer-extension reactions were performed with oligo(dT) ⅐ poly(dA) in the absence or presence of a two molar excess of UL42 as outlined under Materials and Methods. In accordance with the data of Hamatake et al. (1993) , we found that the reconstituted complex of HSV pol and UL42 was more active and had a higher processivity than the HSV pol catalytic subunit alone (Franz, 1995) .
Next we analyzed the effect of UL42 on the HSV pol-associated enzymatic functions. Standard polymerization, as well as exonuclease (exo) assays, were performed using activated salmon sperm DNA as template with the baculoviral HSV pol in the presence and absence of UL42 and at varying salt concentrations (Franz, 1995) . The pol activity of the catalytic subunit was found to display the same salt dependence as shown previously (Hart and Boehme, 1992; Kühn and Knopf, 1996) . In the absence of UL42, the optimal ammonium sulfate concentration for the pol activity was 25 mM. At this salt concentration, the presence of a two molar excess of UL42 strongly inhibited the pol activity, whereas at higher salt concentrations (Ͼ80 mM ammonium sulfate), the pol activity was stimulated. The effect of UL42 on the HSV pol-associated exo activity was quite similar (Fig. 4) . The exo activity was sensitive toward ammonium sulfate in the absence of the cofactor, and the cofactor exerted a stimulatory effect on the exo activity only in the presence of salt. The exo activity was maximally stimulated by UL42 (2.6-fold) at 100 mM ammonium sulfate, the concentration used in the HSV pol standard assay (Knopf, 1979) . From these results, we concluded that the established characteristic of the wild-type HSV pol holoenzyme as being salt stimulated derived from the interaction with its cofactor and that the phenyl-Sepharose purified cofactor showed the known functional interactions with the catalytic subunit.
DNA binding analysis
A bandshift assay, optimized for studying the DNA binding properties of HSV pol (Strick and Knopf, 1992) , was used to assess DNA and protein interactions of UL42. For most of the DNA binding experiments presented in the following section, we used an EcoRIBamHI restriction fragment with a size of 159 bp after 3Ј-32 P-dAMP labeling, and reaction conditions that were optimal for HSV pol as described under Materials and Methods. In an initial experiment, increasing concentrations of the phenyl-Sepharose purified UL42 were incubated with this DNA fragment, and the mobility shifts were analyzed by nondenaturing 5% PAGE. Results of this analysis (Fig. 5A) showed that UL42 shifted the DNA to an array of bands representing UL42-DNA complexes. Three or four bands could be clearly discerned on the original autoradiograms at lower protein concentrations. The average mobility of these bands decreased with increasing UL42 concentration, and at the highest concentration examined, a large fraction of the DNA was shifted up to the gel pocket. In contrast to UL42, HSV pol was shown to preferentially bind to dsDNA with protruding 5Ј-phosphoryl ends and to form two distinct complexes with linearized dsDNA Knopf, 1992, 1998) . To prove whether the DNA binding of UL42 is affected by the DNA termini, dsDNAs with varying ends were used for the DNA bandshift analysis. Results presented in Fig. 5B showed that the DNA binding of UL42 was not significantly influenced by the kind of DNA termini. A similar array of DNA band shifts was observed with each type of DNA substrate, but somewhat more blunt-ended DNA was shifted. In additional band shifts, the effect of salt on the DNA binding of UL42 was studied. Results in Fig. 5C revealed that the DNA binding of UL42 was quite resistant to high ionic strength. Only in the presence of 200 mM ammonium sulfate were significantly fewer UL42-DNA complexes observed. These data demonstrated that the DNA binding of UL42 was clearly different from that of HSV pol, which was optimal at 50 mM ammonium sulfate (Knopf and Strick, 1994) .
A more direct comparison of the mobilities of the protein-DNA complexes of UL42 and HSV pol was obtained by the analysis presented in Fig. 6A . The same DNA fragment used before was incubated with UL42 or HSV pol alone or with HSV pol and increasing amounts of UL42 before bandshift analysis. With HSV pol, two distinct complexes (complexes I and II) were formed, reflecting the binding of HSV pol to either one or two termini of the 159-bp dsDNA fragment as shown previously (Knopf and Strick, 1994; Knopf, 1992, 1998) . UL42 produced the characteristic band shifts observed previously (Fig. 5A) . The average mobility of the UL42-DNA complexes coincided with that of the HSV pol-DNA complex I. The spacing of the DNA complexes   FIG. 3 . Purification of recombinant UL42. Aliquots of UL42 preparations from different purification steps were analyzed by 10% SDS-PAGE and silver staining (A) or Western blotting using antibody EX42C (B). M indicates protein standards; Ac42ANG, Ac42ANG-infected cell extract (52 h p.i.); Mock, mock-infected cell extract (72 h p.i.); crude extract, after low-speed centrifugation; S100, supernatant of 100,000g centrifugation; DE52 cell. fract., DEAE cellulose fractionation; and Phenyl-seph. I and II, phenyl-Sepharose chromatography I and II. The position of UL42 is marked by an asterisk.
with HSV pol was greater than those with UL42 and seemed to correspond to the different size of these subunits. High-molecular-weight (HMW) complexes were found when both HSV pol and UL42 were present in the DNA binding reaction. At lower UL42 concentrations, HMW complexes as well as both HSV pol-DNA complexes were still visible. HMW complexes, consisting of UL42, HSV pol, and DNA, were exclusively formed in the presence of a three molar excess of UL42 (Fig. 6A , last lane).
To show whether the sequence of component addition was critical for the HMW complex formation, proteins and DNA were individually preincubated, and then the DNA binding reaction was performed and analyzed as stated in Fig. 6B . Results repeatedly showed that only after the preincubation of the DNA with HSV pol and subsequent addition of UL42 did a more effective DNA shift to HMW complexes occur. With all other combinations of preincubation treatment, both unshifted HSV pol-DNA complexes still were observed.
The stability of the HMW complex formation toward salt was examined by performing the DNA binding reaction with UL42 and HSV pol at different ammonium sulfate concentrations (Fig. 6C) . At lower ionic strength (0-50 mM ammonium sulfate), the HMW complexes were more efficiently assembled as seen by the smaller amount of free DNA. At higher ionic strength, the HMW complex formation was inhibited in a salt-dependent fashion as shown by the increase of HSV pol-DNA complexes and free DNA. Interestingly, UL42-DNA complexes, expected to run with the mobility of the HSV pol-DNA complexes I, were not detected. These results showed that the HSV pol-UL42 interaction was sensitive toward ammonium sulfate concentrations above 50 mM.
DISCUSSION
The present study examined the protein and DNA template interaction of HSV pol and its cofactor during the DNA binding step using a previously established method (Strick and Knopf, 1992) in which the individual components of the DNA binding reaction could interact in a controlled temporal order. For this purpose, purified preparations of HSV pol as well as UL42 were necessary. HSV pol was purified from insect cells by DEAE-cellulose and heparin-Sepharose chromatography as described previously (Kühn and Knopf, 1996) . For providing UL42, in this report, the gene of strain ANG was cloned and successfully expressed in insect cells using recombinant baculovirus technology. Using a simple purification strategy, UL42 was prepared to a similar purity as been achieved by more elaborate methods (Gallo et al., 1988; Gottlieb et al., 1990; Hamatake et al., 1993) . Especially advantageous was the use of the phenyl-Sepharose chromatography, which separates proteins via hydrophobic interactions and was used by Parry et al. (1993) as the last column step for the homogeneous preparation of UL8. From two established monospecific rabbit antibodies, antibody EX42C exhibited the stronger reactivity with UL42 and therefore was used for expression monitoring. In its use, this antibody was comparable to the mouse monoclonal antibodies 6898 (Gallo et al., 1988; and 834 (Monahan et al., 1993) . The functional testing showed that UL42 affected the salt behavior of the enzymatic activities and the processivity of HSV pol in a similar fashion as reported by others (Hamatake et al., 1993; Hart and Boehme, 1992) .
To obtain reliable results, the DNA binding assays were performed under conditions where HSV pol was still functionally active (Knopf and Strick, 1994, 1998; Strick and Knopf, 1992) . Using a 159-bp dsDNA fragment, at least four UL42-DNA complexes were resolved by bandshift analysis. With increasing amounts of UL42 in the DNA binding reaction more than one band was always observed (Fig. 5A) , indicating that the binding of UL42 on dsDNA is apparently random and noncooperative as suggested previously (Gallo et al., 1988) . Gallo et al. (1988) obtained an identical result for UL42 binding to a 155-bp DNA fragment with a similar mobility shift assay but under DNA binding reaction conditions where HSV pol is inactive. Although blunt-ended fragments appeared to be more efficiently shifted, DNA binding is largely independent from termini structure (Fig. 5B) and thus can be clearly distinguished from the DNA binding by HSV pol (compare Fig. 6A, lane 3) , where two complexes always were found under the same binding conditions (Knopf and Strick, 1994, 1998; Strick and Knopf, 1992) . The spacing between the two HSV pol-DNA complexes was considerably larger than that between the individual UL42-DNA complexes. The spacing, as well as the mobilities of the different complexes (compare Fig. 6A , lanes 2 and 3), correlates fairly well with the relative masses of the HSV pol subunits underlining the specificity of these protein-DNA complexes. Although DNA binding of UL42 was relatively stable toward salt (Fig. 5C , lane 5), its interaction with HSV pol was considerably affected by salt concentrations exceeding 50 mM ammonium sulfate (Fig. 6C) . In a previous study, optimal DNA binding by HSV pol was shown to take place at 50 mM ammonium sulfate. It was em- phasized that the less tight binding of HSV pol at 100 mM ammonium sulfate is responsible for the observed optimal polymerase activity at this salt concentration (Knopf and Strick, 1994) . The present analysis confirms this notion by demonstrating that the UL42 binding to HSV pol is also restricted at this "optimal salt concentration," but its DNA binding is less affected. At lower salt concentrations, UL42 exerts an inhibitory effect on the polymerizing activity (Franz, 1995; Hart and Boehme, 1992) , most likely due to a stronger binding to both HSV pol and dsDNA. Interestingly, the proofreading activity is not as much affected by UL42 at low salt (Fig. 4) , suggesting that the exonucleolytic degradation event requires a tighter binding of the HSV pol holoenzyme to the DNA backbone. Studies on the holoenzyme assembly showed that HMW complexes, consisting of UL42, HSV pol, and DNA, are more efficiently formed when the DNA was preincubated with HSV pol (Fig. 6B) . These data suggest that the primer-template recognition by HSV pol may play an important role in the assembly of the HSV pol holoenzyme-DNA complex.
MATERIALS AND METHODS
Chemicals
Radiochemicals were obtained from Amersham Life Sciences (Braunschweig, Germany). Nucleotides were purchased from Pharmacia Biotech (Freiburg, Germany). Restriction enzymes, T4 polynucleotide kinase, and E. coli Klenow fragment were purchased from BoehringerMannheim (Mannheim, Germany). Oligonucleotides and polynucleotides were purchased from Pharmacia Biotech. HSV pol (heparin-Sepharose peak fractions 14-18) was purified from recombinant baculovirus-infected Sf9 cells as described previously (Kühn and Knopf, 1996) .
Cells, plasmids, and virus
Sf9 cells (Spodoptera frugiperda IPLB-Sf21AE), wildtype baculovirus (Autographa californica multiply enveloped nuclear polyhedrosis virus; AcMNPV), and baculovirus transfer vector pVL1393 were obtained from Max D. Summers and Gale E. Smith (Texas Agricultural Experiment Station, TX). pBluescript II SK(ϩ) was purchased from Stratagene (Heidelberg, Germany). pEX34 was a kind gift of Ewald Beck (University of Giessen, Germany).
Antisera
For the generation of antisera specific for the N-and C-terminal residues of UL42, the PstI fragment, depicted in Fig. 1 , was cloned in the correspondingly cleaved expression vector pEX34C. Fusion proteins, composed of amino acids 35-282 and 281-488 of the 488-residue protein, were purified from pEX42N and pEX42C transformed and temperature-induced E. coli C600 537 cells, respectively, and were used to immunize New Zealand rabbits as described previously (Weisshart and Knopf, 1988) . Antibody EX3 directed to the C-terminal residues 1072-1235 of the HSV pol of strain ANG has been described previously (Weisshart and Knopf, 1988) . Antibodies were purified using fusion proteins bound on nitrocellulose membranes as described previously (Knopf and Strick, 1994) .
SDS-PAGE and Western blot analysis
Proteins were analyzed by conventional SDS-PAGE (Laemmli, 1970) using low-range molecular weight standards (BioRad, München, Germany) and stained with Coomassie brilliant blue or Silver stain (BioRad). For Western blotting, gels were electroblotted onto reinforced cellulose nitrate membranes (Optitran BA-S 85; Schleicher & Schuell, Dassel, Germany) and immunostained as described previously (Strick et al., 1997) . Polyclonal rabbit anti-(UL42) sera, 500-fold diluted in PBS, were used as primary antibodies, and peroxidase-conjugated goat anti-rabbit IgG (Dianova, Hamburg, Germany), 5000-fold diluted in PBS, was used as secondary antibody.
Preparation of recombinant baculovirus Ac42ANG
The BaculoGold Transfection Kit (PharMingen, San Diego, CA) was used to generate recombinant baculovirus via cotransfection of modified linearized AcMNPV baculovirus DNA (BaculoGold DNA) and transfer vector pVL1393 containing the UL42 gene as stated. Recombinant plaques were screened by negative ␤-galactosidase expression (King and Possee, 1992) , and high titer virus stock solutions were prepared after three cycles of plaque purification according to standard procedures (Summers and Smith, 1987) . Virus titration, growth, infection, and harvest of Sf9 monolayer cells were performed as described previously (Franz, 1995) , and cell pellets were stored at Ϫ70°C until used.
Preparation of infected cellular extracts
For expression kinetics, 5 ϫ 10 6 Sf9 monolayer cells grown in 25-cm 2 tissue culture flasks (Nunc, Raskilde, Denmark) were infected with recombinant baculovirus Ac42ANG at an m.o.i. of 10 PFU/ml. At the indicated times, medium was removed, and the cells were washed and flushed from the support with ice-cold PBS. After centrifugation (1000g, 10 min), cells were suspended in 150 l of extraction buffer containing 10 mM Tris ⅐ Cl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 10 mM ␤-mercaptoethanol, and 1 mM phenylmethylsulfonyl fluoride and disrupted by ultrasonication (Elma Transsonic T460 water bath; Hans Schmidbauer KG, Singen, Germany). After brief centrifugation at 10,000g, aliquots of the supernatants were used for SDS-PAGE and Western blot analysis.
Purification of recombinant UL42
Unless otherwise noted, all procedures were performed at 4°C, and all buffers contained 1 mM phenylmethylsulfonyl fluoride, 5 g/ml leupeptin, and 0.7 g/ml pepstatin. Frozen Sf9 cell pellets, collected from five 175-cm 2 flasks (2 ϫ 10 8 cells) 52 h after infection with recombinant baculovirus Ac42ANG at an m.o.i. of 10 PFU/cell, were thawed in ice and suspended in five cell volumes of lysis buffer (20 mM HEPES-KOH, pH 7.9, 2 mM ␤-mercaptoethanol, 1 mM EDTA, 1 M NaCl, 0.5% Triton X-100). Cells were disrupted by ultrasonication (Branson Sonifier 250, microtip, position 7; 10 ϫ 15 s) and subjected to differential centrifugation at 13,000g for 10 min and at 100,000g for 120 min. Supernatants were passed through a 6-ml DEAE-cellulose column (DE-52; Whatman, Maidstone, UK), equilibrated with buffer A (10 mM HEPES-KOH, pH 7.9, 1 mM ␤-mercaptoethanol, 1 mM EDTA) containing 1 M NaCl, and proteins were eluted with two column volumes of equilibration buffer. After overnight dialysis against buffer A containing 0.5 M NaCl, the clarified dialysate (13,000g for 30 min) was applied on a 22-ml phenyl-Sepharose column (Pharmacia Biotech) equilibrated with the same buffer at a flow rate of 0.5 ml/min by using a fast protein liquid chromatography system (Pharmacia Biotech). After loading, the column was washed with buffer A at the same flow rate until the absorbance at 280 nm reached baseline. Proteins were eluted in 1-ml fractions with 80 ml of a linear gradient from 0.5 to 0 M NaCl in buffer A. Fractions containing UL42, identified by immunoblot analysis using antiserum EX42C, were pooled and dialyzed overnight against buffer A containing 0.25 M NaCl. The dialysate was again applied on a 22-ml phenyl-Sepharose column as stated before, but the column was equilibrated and washed with dialysis buffer. The eluate was collected in 1-ml fractions with 80 ml of a linear gradient from 0.25 to 0 M NaCl in buffer A. UL42-containing peak fractions 58-72 were pooled, dialyzed overnight against protein storage buffer (20 mM HEPES-KOH, pH 7.0, 2 mM dithiothreitol, 40% ethylene glycol), concentrated with a Centricon 30 microconcentrator (Amicon, Witten, Germany), and stored at Ϫ20°C until used.
DNA templates
For bandshift analysis, the 157-bp EcoRI-BamHI fragment was derived from an NaeI fragment of HSV-1 ANG genome corresponding to nucleotides 555-691 of the short repeat region of strain 17 (McGeoch et al., 1986) , which was subcloned into the SmaI site of pUC19 as described previously (Strick and Knopf, 1992) . DNA fragments with protruding 5Ј-phosphoryl termini (159 bp) were prepared from the 157-bp EcoRI-BamHI fragment by a partial filling reaction with E. coli Klenow enzyme in the presence of 0.5 mM dGTP and [␣-
32 P]dATP. Bluntended fragments of 161 bp were generated by a filling reaction in the presence of 0.5 mM concentration each of dCTP, dGTP, dTTP, and [␣-32 P]dATP. DNA fragments with protruding 3Ј-hydroxyl termini (169 bp) were produced from the recombinant pUC19 subclone described above by cleavage with PstI and SstI and were 5Ј-32 P-labeled as described previously (Strick and Knopf, 1994) . [ 32 P]dAMP-labeled salmon sperm DNA, used as an exo substrate, was prepared as follows. Reaction mixtures (100 l), containing 50 mM Tris ⅐ Cl, pH 8, 50 g of bovine serum albumin, 1 mM dithiothreitol, 15 mM MgCl 2 , 0.2 mM concentration each of dCTP, dGTP, and dTTP, 20 M dATP, 10 Ci of [␣-32 P]dATP (3000 Ci/mmol), 150 g of activated salmon sperm DNA, and 10 units of Klenow enzyme, were incubated at room temperature for 30 min, quenched by the addition of 5 l of 0.5 M EDTA, and chilled in ice. DNA substrate was extracted twice with phenol-chloroform-isoamyl alcohol and purified by gel filtration using TE buffer. For preparation of 5Ј-32 P-labeled oligo(dT) 16 ⅐ poly(dA) used in primer-extension assays, dephosphorylated oligo(dT) 16 was 5Ј-32 P-labeled using [␥- 32 P]ATP and T4 polynucleotide kinase as described previously (Kühn and Knopf, 1996) . The purified radiolabeled oligo(dT) 16 was incubated with 20 parts by weight of poly(dA) in 50 mM Tris ⅐ Cl, pH 8, for 10 min at 65°C and then for 30 min at 37°C followed by slow cooling to room temperature.
DNA polymerase assay
Reaction mixtures (100 l) containing 50 mM Tris ⅐ HCl, pH 8, 50 g of bovine serum albumin, 0.5 mM DTT, 7.5 mM MgCl 2 , varying concentrations of ammonium sulfate, 0.1 mM concentration each of dCTP, dGTP, and dTTP, 12.5 M dATP, 0.5 Ci of [␣-32 P]dATP (3000 Ci/mmol), 25 g of activated salmon sperm DNA, and 3 g of recombinant HSV pol were incubated with or without 3 g of UL42 for 20 min at 37°C. Aliquots of the reactions mixtures (80 l) were spotted onto Whatman GF/C glass filters and treated to determine acid-insoluble radioactivity as described previously (Knopf, 1979) .
Exonuclease assay
HSV pol-associated exonuclease was determined in the absence of dNTP under the conditions of the HSV pol assay. Reaction mixtures (100 l) were incubated for 20 min at 37°C with 2.5 g of 32 P-dAMP-labeled salmon sperm DNA (10 5 cpm) and 3 g of recombinant HSV pol in the presence of the indicated concentrations of ammonium sulfate with or without 3 g of UL42. Reactions were terminated by chilling in ice and by successively adding 10 l of 0.5 M EDTA, pH 8, 10 l of 10 mg/ml bovine serum albumin, and 20 l of 100% trichloroacetic acid. After centrifugation (13,000g, 20 min, 4°C), the radioactivity of supernatant fractions (100 l) was determined with 3 ml of Unisolve 100 (Zinsser, Frankfurt) in a 1209 Rackbeta liquid scintillation counter (Pharmacia-LKB Wallac, Freiburg).
